We outline a number of high temperature superconducting Josephson junction-based devices including superconducting quantum interference devices (SQUIDs) developed for a wide range of applications including geophysical exploration, magnetic anomaly detection, terahertz (THz) imaging and microwave communications. All these devices are based on our patented technology for fabricating YBCO step-edge junction on MgO substrates. A key feature to the successful application of devices based on this technology is good stability, long term reliability, low noise and inherent flexibility of locating junctions anywhere on a substrate.
Introduction
Soon after the discovery of high-temperature-superconductivity (HTS) in the mid 1980s, efforts were initiated to develop viable fabrication technologies for the preparation and study of reliable Josephson junctions made from thin films of HTS materials such as YBCO. By 1990, it was clear that grain boundary junctions (GBJs), either naturally-occurring or engineered, possessed many of the properties required for the practical implementation of Josephson-effect junctions and devices. A comprehensive survey of GBJ types and their properties was published at that time by Gross [1] . In Sect. 2 of this paper, we concentrate on the step-edge formation and properties, as described by many research groups [2] - [6] , which is key to CSIRO's successful development of stepedge GBJs in thin YBCO films on MgO [100] single-crystal substrates. The critical GBJ properties included: transition temperatures, T c , junction critical current, I c , normal resistance, R n , characteristic voltage, I c R n , and low levels of intrinsic critical current fluctuations or voltage noise, S v . Incremental improvements in the technique over 25 years enabled fundamental studies of magnetic flux pinning [7] and noise mechanisms [8] , and led to many successful device applications. These range from geomagnetic prospecting, through microwave communications [9] THz imaging [10] and are described briefly in Sects. 3-5. 
YBCO Step-Edge Josephson Junctions & SQUIDs

Step-Edge Junction Design and Fabrication
The HTS junctions, SQUIDs and other sensors described in this review are all based on step-edge Josephson junctions (SEJ) fabricated by depositing a thin YBCO film (≈ 200 nm) onto an MgO substrate in which a step (≈ 400 nm deep) has been ion-beam etched. Details of the method, which may enable the junction's position on the substrate to be predetermined anywhere on the substrate chip, can be found in references [11] , [12] . CSIRO developed a patented method for making step-edge GBJs in the late 1990's [13] with several factors contributing to the success of these devices. These include the ability to ensure a single YBCO grain boundary grows at the top edge of the MgO step only, whilst maintaining a rounded lower step profile with no second junction ( Fig. 1(top) ). Another feature of this junction type is that YBCO always grows with its c-axis normal to the MgO surface, including the sloping surface of the step [12] . This results in a grain boundary junction formation where the superconducting thin films' crystal structure is rotated about the YBCO a-b-axis producing a misalignment of the c-axis as the film forms over the slope of the step. This type of rotation produces junctions that are closer in structure to [100]-tilt junctions ( Fig. 1(bottom) ) than the more commonly studied [001]-tilt junctions produced using bicrystal substrates, in which the two superconducting electrodes are rotated inplane about the c-axis [14] . The grain boundary orientation strongly influences the transport properties [12] , [15] , and for step-edge junctions, provides certain advantages such as reduced critical current fluctuations in applied magnetic fields [16] . The TEM cross-section in Fig. 1 (bottom) demonstrates that step-edge junctions have a clean, narrow (≈ 1 nm) grain boundary junction region (arrows) with atomic alignment of YBCO planes meeting at an angle equal to the step-angle, typically around 36
• . Just as the in-plane misorientation angle, θ, strongly determines the junction critical current density, J c , of [001]-tilt junctions [15] , the step-angle, φ, affects the step-edge junction J c , but to a lesser degree [12] .
These step-edge junctions display large I c R n products ≈ 3-5 mV at 4.2 K which are approaching the best values achieved by other [100]-tilt junctions [17] , and are generally higher than [12] . (Top) The etched step profile in MgO (dark region) reveals a sharp upper step-edge and rounded lower profile. The YBCO is deposited over the step and the grain boundary junction which propagates through the YBCO film is shown in higher magnification in the TEM image below. Reproduced with permission from IOP, from Ref. [12] , Fig. 3. values in [100]-tilt junctions were attributed to direct tunneling for both Cooper pairs and quasiparticles [17] . This comparison highlights that step-edge junctions have different transport properties compared with [001]-tilt junctions. In addition, step-edge junctions are relatively inexpensive to prepare, and show long-term stability [18] , [19] and good noise performance as indicated by low critical current fluctuations [16] , [19] . Recently, a few step-edge junctions that had not been passivated but stored in a nitrogen gas chamber for over 10 years were re-measured. The I c values had reduced by 25-40%, while R n had no significant change. Some of our rf and dc SQUIDs used in commercial systems for several years are still fully operational. Effective passivation techniques have also been investigated [18] , [19] for improving long term stability of the SQUIDs. Factors affecting the quality of step-edge junctions fabricated according to our procedure include the growth of YBCO in-plane misorientated grains due to surface contamination or degradation of the MgO substrates [20] , [21] , the film critical current density and film morphology [22] , the MgO surface rough- ness [23] and the step-angle φ [11] , [12] .
The typical range of R n values is 1-10 Ω for 2-3 μm wide junctions. Post-fabrication trimming of the GBJ has been developed [18] , [19] , [24] by means of Ar-ion beam etching (IBE) (see Fig. 2(a) ). This technique allows some adjustment of the junction's I c and R n parameters to enable optimization of a particular device. The R n value can be increased by reducing the junction width and height by IBE trimming. A focused ion beam milling technique (see Fig. 2 (b)) is currently being investigated to fabricate submicron wide junction. Preliminary results show a 0.4 μm wide junction which has R n with a value of ≈ 35 Ω.
SQUID Development
HTS SQUID magnetometers need optimized junction and film characteristics for stable performance when operating outside magnetic shields. Parameters such as I c and R n must be optimized to achieve high voltage modulation depths and low flux noise. For example, we evaluated the performance of our 8 mm × 8 mm pickup loop, directly-coupled SQUID magnetometers for unshielded use. In a recent experiment, we characterized over 20 HTS dc SQUIDs in the laboratory. The SQUIDs were directly coupled to a large pick up coil on a 1 cm × 1 cm MgO substrate. All the devices had the same SQUID design with an inductance of 65 pH. At T = 77 K, the majority of these devices had a peak-to- peak modulation voltage greater than 30 μV with the highest value close to 50 μV (top Fig. 3 ). Figure 3 shows the modulation voltage and noise spectrum for one of our recent 8mm dc SQUIDs measured in a magnetically shielded environment. The noise floor of SQUID was about 56 fT/ √ Hz down to ≈ 10 Hz.
Increasing Flux-Locked Loop Slew Rate
There are many applications that require SQUID systems to measure not only very small signals but also rapidly changing ones. In some applications, the dynamic range can be over 120 dB and requires a system slew rate of 10 mT/s. SQUID read-out electronics currently available fall into two distinct categories: either flux quanta counting systems such as those described by Ludwig [25] or flux locked loop (FLL) systems such as those described by Drung [26] . While flux quanta counting systems have excellent dynamic range and maximum slew rate, they suffer from excess noise when used with high temperature SQUIDs. On the other hand, FLL systems have a high dynamic range and very low noise but tend to exhibit lower slew rates.
We have developed a high slew rate SQUID read-out system that significantly increases the slew rate of a FFL without incurring the excess noise of flux counting systems. The system is based on a time multiplexed quadrature modulation and detection scheme that allows linearization of the SQUID's periodic transfer function. The linearized SQUID signal is then used as part of a FLL which is able to track the SQUID error signal over multiple flux quanta while maintaining the loop's lock. The system was constructed using a hybrid digital/analogue signal processing scheme that al- Figure 4 shows a typical response from the new electronics attached to a 3 mm SQUID.
Geomagnetic Exploration
The discovery and exploitation of mineral ore bodies has relied heavily on magnetic measurement techniques. Subterraneous, on-surface and airborne equipment, most commonly utilizing Transient Electromagnetic (TEM) and Magnetotelluric (MT) methods, can be applied in many situations. Other applications in addition to mineral exploration include sub-sea mapping and archaeometric studies. For these applications, the sensitivity of superconducting detectors to low-frequency (0.01 Hz-10 kHz) magnetic fields and/or gradients is their most important property [27] , [28] .
Over the past 20 years, CSIRO has developed superconducting sensor systems for TEM prospecting [29] . CSIRO has licensed a product, known as LANDTEM, which is widely used for the detection and delineation of highly conducting ore bodies such as nickel sulphides, silver and gold [29] . Figure 5 shows a schematic of the way TEM is undertaken in the field.
Initially this work was undertaken, with some early successes, in collaboration with BHP P/L, now BHP Billiton. Later in 2000, the SQUID sensor was successfully used to delineate nickel sulfide targets at Falconbridge Ltd.'s Raglan, Quebec, mine site [29] .
The ability of our SEJ based SQUIDs to operate unshielded with low intrinsic noise makes these devices ideally suited for these demanding geophysical applications. This progress was greatly facilitated by ingenious patented [30] cryogenic innovations (Fig. 6 ) which made SQUID deployment in remote field situations relatively stress-free [29] . The critical breakthrough achieved with LANDTEM was enabled transient magnetic fields to be recorded on much longer time-scales than was previously possible, an increase in "off times" from about 50 ms to seconds. The improved sensitivity of HTS SQUIDs extends the signal to noise ratio of target signals making it possible to detect mineral bodies either while buried under conductive cover or at greater depths than was previously possible using inductive coil sensors. Figure 7 and Fig. 8 compare TEM decay profiles for a HTS SQUID sensor and an induction coil receiver recorded during surveys over two targets. These figures show the strength of the induced signal response as a function of the time after the TEM pulse was switched off. The off-time signal is integrated over a number of time intervals with the interval widths increasing quasi-logarithmatically for later times. Numbers (channels) are assigned to these integration intervals. For the system used for these surveys; the channels were centred at times ranging from 0.043 ms (channel 1) to 766 ms (channel 48). The first target, Maggie Hays North, was a relatively shallow target with its upper extent reaching approximately 100 m below the surface. This target was easily detected using both systems, see Fig. 7 . A comparison of the two sensors responses at off time "channel 18", shows that the SQUID response is significantly more pronounced than is the induction coil response. This is known as the "early time advantage" of B field sensors over dB/dt sensors [29] .
The second target, Maggie Hays, was a much deeper target with the upper extent of the ore body approximately 400 m below the surface. The coil data could hardly detect the response of the ore body while the SQUID data shows it clearly, see Fig. 8 . Note that, to try to achieve a clearly observable response in the induction coil sensor, the transmitter current was increased to a level greater than that used when collecting the SQUID data.
Magnetic Anomaly Detection
Underwater UXO Detection
Large areas of the marine environment are contaminated with unexploded ordnance (UXO) remaining from military testing and training. In order to further develop this environment after military use, 99.9% detection of UXOs must be achieved. For this reason, CSIRO have developed a magnetic tensor gradiometer based high-T c SQUID technology, which improves the ability to detect, localize and characterize these small projectiles where conventional magnetic sensor systems fail to deliver adequate performance. The full gradient tensor data provides detailed information about a target, in a single pass, without necessarily passing directly over the target. The gradient tensor components allow you to determine the location of the target using a direct method, rather than the indirect inversion method required with total-field or vector measuremnts. Additionally magnetic moment magnitude and target orientation are measured directly aiding in the discrimination and characterization of ordnance and magnetic debris [43] .
The full tensor is calculated using an array of six planar SQUID gradiometers positioned on the slant faces of a truncated hexagonal pyramid, shown schematically in Fig. 9(b) [31] . The individual sensors have gradient field sensitivities in the range of ≈ 1-2 pT rms /m/ √ Hz (at 10 Hz) as seen in Fig. 9(a) . This level of sensitivity allows us to detect ordnance of with a minimum dipole moment of 0.01 Am 2 (40 mm calibre) at a standoff of ≈ 4 m. The system also incorporates a number of reference SQUID magnetometers used to determine the local magnetic field vector components. These magnetometers are used to compensate for any residual gradiometer sensitivity to common mode signals thus improving the system balance. This technique reduces system sensitivity to small angular movements in the Earth's magnetic field thereby making mobile application feasible. For mobile real world magnetic surveying where the common mode signal is large, to ensure success of this technique, the system must be calibrated to an extremely high level of precision. Figure 9 (c) shows an example of the five independent gradient tensor components extracted from the compensated individual gradiometer outputs measured in response to a passing magnetic anomaly (magnetic dipole moment ≈ 7 Am 2 ) at a distance of 2 m from the system while stationary.
Rotating Gradiometer
An alternative technique to using an array of planar gradiometers for measuring the full magnetic gradient tensor Fig. 10 (a) A rotating gradiometer consisting of a dc-SQUID magnetometer inductively coupled to a flux transformer and a planar superconducting shield, and (b) a patterned Au/YBCO flexible tape transformer [32] , [33] . Fig. 11 Comparison of the measured detection limits of SQUID, coil, and X-ray system for SS316 needle pieces [34] .
was also developed by CSIRO. Rotating an axial gradiometer about its central axis enables the gradient information in a magnetic signal to be distinguished from the commonmode signal via frequency separation [32] , [33] . As shown in Fig. 10 , a DC SQUID magnetometer is inductively coupled to a patterned flexible superconducting flux transformer and to a superconducting shield to form a 1st order axial gradiometer [32] , [33] .
Metal in Food Detector
CSIRO developed a prototype metal detector using DC SQUIDs to detect stainless steel fragments for quality assurance in manufacturing [34] . Figure 11 shows a comparison of the detection limits between the SQUID, coil, and X-ray for stainless steel particles in different packages. It shows that, for the magnetized samples, the SQUID system is superior over the coil system in all cases and similar or better than the X-ray system.
Radiofrequency Applications
Telecommunications
HTS materials have some unique properties which are suitable for a variety of high-frequency applications [9] , [35] . One important property is the exceptionally low level of microwave absorption, which has been exploited for making various passive microwave components. Wireless communication has now emerged as the first large commercial market for HTS technology two decades after the discovery of HTS. Active high-frequency devices have also been demonstrated, most of them exploiting the unique features of the AC Josephson effect. We have recently [36] - [38] experimentally demonstrated a combined HTS local heterodyne oscillator and mixer based on a resistive-step-edge junction pair structure (Fig. 12) . This device provides heterodyne local oscillator (LO) output and RF signal down-conversion that is frequency-tunable. Mixing of microwave frequencies between 1 to 5 GHz and intermediate frequencies (IF) frequencies between 100 MHz to 5 GHz were observed [37] , [38] .
Very recently, we successfully integrated the selfpumped Josephson heterodyne mixer with other HTS passive components (band-pass and low-pass filters) on a single chip to produce a monolithic microwave integrated circuit (MMIC) HTS frequency down-converter [39] , [40] . This demonstration has significant implication for the potential realization of a compact, all-HTS integrated front-end receiver for the wireless communication industry. The same concepts can also be applied to higher frequency bands such as THz mixing detectors.
THz Imaging
HTS broadband Josephson detectors have been developed and applied to millimetre wave (mm-wave) and terahertz (THz) imaging [10] , [41] , [42] , using our standard Josephson junction. The optimized high I c R n values of the junction enable a detector that responds well to the specified frequencies at 77 K [41] , [42] . Figure 13 shows a thinfilm log-periodic antenna-coupled HTS step-edge Josephson THz detector, designed for operation at 200-600 GHz [42] . Images at ≈ 200 GHz and ≈ 600 GHz (see Fig. 11 ) were acquired with the same detector; each demonstrated their unique properties [42] . The results demonstrate the potential of achieving a cheaper, compact and portable multispectral imager based on a HTS detector. Currently, a crycooler-cooled system and array THz detectors are under development for THz imaging.
Conclusion
The step-edge GBJs using thin YBCO films on MgO [100] single-crystal substrates have been developed at CSIRO to achieve a range of parameters that have enabled their use in SQUIDs and other devices for a range of applications. The use in the LANDTEM mineral exploration application has been commercially successful and other applications including UXO detection, THz imaging and microwave components should also be similarly successful in the future. The step-edge technology that is the basis of these devices and applications is versatile and cost effective to fabricate enabling easy placement of the junctions on a chip for optimized device design and arrays. 
